As the protein sequence and structure databases expand, the relationships between proteins, the notion of protein superfamily, and the driving forces of evolution are better understood. Key steps of the synthesis of the bacterial cell wall peptidoglycan are revisited in light of these advances. The reactions through which the D-alanyl-D-alanine depeptide is formed, utilized, and hydrolyzed and the sites of action of the glycopeptide and /3-lactam antibiotics illustrate the concept according to which new enzyme functions evolve as a result of tinkering of existing proteins. This occurs by the acquisition of local structural changes, the fusion into multimodular polypeptides, and the association into multiprotein complexes.
is that of Escherichia coli. It applies to all bacteria possessing a wall peptidoglycan. From the MurA UDP-Nacetylglucosamine enolpyruvate transferase,4 which catalyzes the first committed step of the pathway in the cytoplasm, to the penicillin-binding proteins that assemble the polymer from the disaccharide-pentapeptide-lipid II intermediate on the outer face of the membrane, all the reactions are bacteria-specific. The lipid II intermediate is a ß-\, 4 -linked iV-acetylmuramyl-iV-acetylglucosamine disaccharide, the N-acetylmuramic acid of which is substituted by a D-alanyl-D-alanine-terminated pentapeptide via a D-lactyl-L-alanine amide bond and the C-l atom is attached to Wall peptidoglycan synthesis pathway. The PBP pattern shown is that of E. coli in which case the diamino acid residue L-Xaa is meio-diaminopimelic acid. G, N-acetylglucosamine; M, N-acetylmuramic acid; Tpase, transpeptidase; Tglyase, transglycosylase. The sites of cleavage of peptidoglycan hydrolases are shown: 1, N-acetylmuramidase; 2, AZ-acetylmuramoyl-L-alanine amidase; 3, endopeptidase. The PBPs are inactivated by penicillin. Penicillin is hydrolyzed by the /3-lactamases. In some bacteria, /3-lactamase synthesis inducibility is mediated by a receptor (see Fig. 7 ). The PBPs, the majority of the /3-lactamases, and the BlaR-type penicillin receptors belong to the superfamily of penicilloyl serine transferases.
time, the product of the "cytosolic" stage and the substrate of the "wall" stage of the synthesis.
The Ddl D-Ala-D-Ala ligase, the low-molecular-mass peni- (Fig. 4 ). An The n-C module of the Zn DD-peptidase is the prototype of an amino acid sequence family of n-C modules also found in the Bacillus subtilis CwlA and B. licheniformis CwlL A'-acetylmuramoyl-L-alanine amidases and the Corynebacterium acetobutylicum N-acetylmuramidase (lysozyme). Similarity between the n-C modules is high (30- Depending on the enzymes, the n-C module occurs at the amino or the carboxy end of the C module in one or two copies and the copies are either contiguous or connected by an intervening peptide.
Acquisition Given that the n-PB modules of the class B PBPs have a different amino acid signature from that of the n-PB modules of the class A PBPs, they may not have a transglycosylase activity. The acyl transferase activity of their PB modules might be coupled with the transglycosylase activity of the n-PB modules of some class A PBPs. Such a situation implies that the class A and class B multimodular PBPs interact with each other. One may also note that the E. coli PBP3 forms dimers (personal communication from N. Nanninga and J. Ayala).
In vivo, the primary effects of the inactivation of the PB modules of the class B PBP2 and PBP3 of E. coli by /3-lactam antibiotics are morphological abnormalities, followed The acquisition of a penicillin-binding fold topology by the PB module of PBP3 depends on an intact motif 3* of the n-PB module but it is membrane-anchor-independent. It now appears that the in vivo activity of PBP3 requires not only a correct penicillin-binding fold topology, but, in addition, the presence of the genuine membrane anchor and an intact environment of motif 1 * of the n-PB module. It has also been reported that the P565-G571 sequence at the end (V577) of the mature PBP3 is not required for penicillin-binding but is essential for in vivo activity.20 Likely, the membrane anchor, features of the n-PB module, and the carboxy end of the polypeptide chain are sites through which PBP3 may interact with other components of the "cell division" morphogenetic network.
The 14 min region of the E. coli chromosome, which contains the gene encoding the multimodular class B PBP2, also contains genes that encode the "cell-shape" PBP5 The wall peptidoglycan is a bacterium-specific polymer. Empirical approaches to the discovery of "bacterial-cell-wall" inhibitors and the improvement of existing drugs were justified when basic research was still struggling to cope with the complexity of the process and the molecular structures. The situation is changing. With the present advanced state of our knowledge and the availability of experimental and theoretical tools of ever increasing incisiveness, future antibacterial chemotherapy strategies are likely to depend on the understanding of the functioning of existing targets at the atomic level allowing new drugs to be designed, and on the identification of the constitutive elements and the "wiring" of the morphogenetic networks allowing new targets to be discovered.
